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Abstract: With advantages of high specific strength, low elastic module, good damping property et al., the 
magnesium alloys exhibit great potential applications in aerospace. But poor wear behavior results in limited 
use of magnesium alloy to static components. In this study, a 2 µm thick coating with 12 sub-layers of CrN and 
TiN is deposited alternately on the surface of magnesium alloy AZ91 by a novel method of arc-glow plasma 
depositing to improve its wear resistance. The composition and microstructure of the coating layer are analyzed 
by means of SEM, XRD and GDS. The friction coefficient is measured by ball on disc rubbing test, and the 
wear rates are also calculated. The results indicate that the friction coefficient is increased, but the wear rate is 
dropped sharply as compared with bare metal. The surface hardness is about HK0.011400. 
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镁合金 AZ91表面弧辉等离子沉积 TiN/CrN薄膜的摩擦行为研究. 缪  强,崔彩娥,潘俊德,段良辉,刘
亚萍. 中国航空学报(英文版), 2006, 19(3): 266-270. 
摘  要：镁合金具有高的比强度、低的弹性模量、减震等优点，在航空航天领域具有很大的应用前
景。但是低劣的耐磨性导致镁合金限制于制造静载零件。为改进其耐磨性，采用弧辉等离子沉积的
新工艺在镁合金 AZ91 表面涂覆 TiN/CrN 多层薄膜。薄膜由 12 层 TiN 和 CrN 交替沉积而成，总厚
度为 2 µm。用扫描电镜（SEM）、X射线衍射（XRD）和辉光放电光谱（GDS）分析涂层的成分和微观
结构。采用球盘磨损试验测试摩擦系数，并计算出比磨损率。结果表明，与未处理试样相比摩擦系数
增大，但磨损率急剧下降。薄膜的表面硬度超过 HK0.011433。 
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文章编号：1000-9361(2006)03-0266-05      中图分类号：V252；TG132.3      文献标识码：A 
 
Magnesium, abundant in natural resource, has 
many advantages, such as high specific strength，low 
density（only 2/3 that of aluminum and 1/4 that of 
iron）, low elastic module, high thermal conductivity, 
good electromagnetic shielding and damping proper-
ties, high dimensional stability, good machinability 
and easy to be recycled[1-5]. These characteristics 
make the magnesium alloys attractive as a substitute 
material of ferrous metals and aluminum alloys, and 
especially exhibit great potential in the applications 
of aerospace[6, 7]. 
However, there are some unsatisfactory character-
istics, such as low corrosion resistance, low capacity 
for strengthening, low ductility and poor wear 
resistance. These disadvantages have limited the 
actual use of magnesium alloys. Among these 
drawbacks, the inferior tribological behavior is an 
especially fatal factor resulting until yet the use of 
magnesium alloys being restricted to static com-
ponents[8, 9].  
Since Physical Vapour Deposition (PVD) 
hard coatings have been successfully developed 
in recent years for different tribological applica-
tions，it is considered that the wear behavior of 
magnesium alloys can be improved strongly by 
suitable and reliable PVD coatings[9, 10].  
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It is being found that the magnesium is such an 
active element that any tiny carelessness in process 
may make the surface of work-piece oxidized [11]. An 
inferior adhesion is a common problem for PVD coat-
ing for magnesium alloys. In the present study a novel 
surface coating technique, arc-glow plasma depositing, 
is adopted to produce hard coatings on AZ91. Glow 
discharge mainly gives a plasma etching on work-piece, 
and also plays a role of assistant depositing[12]. The 
author’s early works about TiN coatings on magnesium 
alloys showed that the adhesion strength is guaranteed 
satisfactorily[13,14]. On the other hand, multi-layer 
coatings exhibit robust adhesion because of more in-
terfaces[15], so a coating with a dozen of TiN and CrN 
sub-layers is designed. 
1  Experimental Procedures 
A commercial magnesium alloy AZ91 was used in 
this study. The chemical composition is listed in Table 
1. The specimens were mechanical polished and then 
cleaned in acetone by ultrasonic. 
Table 1  Chemical composition of AZ91 (mass %) 
Al      Zn     Mn     Si      Fe      Cu      Ni     Mg 
8.7     0.78    0.02    0.01    0.005    0.03    0.002    bal. 
The coating processes were conducted in an 
arc-glow discharge plasma depositing furnace made by 
the Research Institute of Surface Engineering of Tai-
yuan University of Technology, China. Fig.1 is the 
schematic diagram of the furnace. Before coating, a 10 
min etching of Cr was carried out by glow discharge. 
The parameters of coating process are listed in Table 2. 
The composition and microstructure of the coat-
ing layer were analyzed by means of X-ray Diffraction 
(XRD) and Glow Discharge Spectrum (GDS) respec-
tively. XRD was conducted at a Rigaku D/max 2500 
type X-ray diffraction machine made in Japan and a 
GDA-2 glow discharge spectrum machine made in 
Germany for GDS. 
Section morphology of the coating was investi-
gated by means of SEM with a LEO438VP type scan-
ning electronic microscope machine made in Japan. 
Adhesion strength between film and substrate was 
investigated by scribing test conducted at a WS-97  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
automatic scribing machine. A Rockwell pressing 
head scribed the surface while the vertical load 
increased continually from zero to 100 N at a 
speed of 100 N /min. 
Tribological behavior was investigated by a 
ball on disc style dry sliding test using a 
WTM-1E miniature friction test machine. The 
testing conditions are described in Table 3.   
2  Results and Discussion 
2.1  Microstructure and composition  
Fig.2 is the XRD analyzing result of TiN /CrN 
1—Bell (common anode)     8—Vacuum system 
2—Arc igniter              9—Cathode (base) 
3—Cathode arc source       10—Assistant source 
4—Arc source main             11—Observe hole 
5—Glow source main        12—Temperature measuring 
6—Base bias main          13—Specimen 
7—Rotating mechanism     14—Gas supplying system 
Fig.1  Diagram of arc-glow discharge plasma furnace 
Table 2   Process parameters of coating 
Parameters Settings 
Working time /min 72 
Distance between part and arc 
source/mm 190 
Treating temperature /℃ 190 
Pressure/Pa 0.01 to 0.5, altered 
Bias voltage/V 650 to 80, altered 
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coating on AZ91. There are four nitrides of TiN, Ti2N, 
CrN and Cr2N in the coating. Mg and Al3Mg2 also exist 
in the coating but no Al12Mg17 detected, which is a ba-
sic phase in matrix. 
Fig.3 is the result of GDS. These curves clearly 
reflect the distribution of main alloy elements along the 
distance from the coating surface to the substrate. Evi-
dently, there is a penetrated layer of Ti and Cr with a 
depth of about 2 µm. This layer was formed due to 
somewhat of ion implanting. It can be considered that 
the existence of this layer is surely beneficial to obtain 
a robust adhesion. 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.4 is the section morphology of the TiN/ 
CrN coating by SEM. The coating is composed of 
twelve sub-layers of TiN and CrN deposited al-
ternately. The total thickness of the coating is 
about 2 µm. 
 
 
 
 
 
 
 
 
 
 
 
 
2.2  Surface hardness 
Surface hardnesses of TiN /CrN coatings on 
AZ91 were measured. Dozens of experimental 
data were in the range of HK0.011063~HK0.011512, 
and the average value was HK0.011433. Such high 
hardness is firmly to contribute an excellent wear 
resistance performance. 
2.3  Adhesion strength 
Fig.5 is the morphology of scribed scar. The 
scar is much smooth and no sonic signal was re-
corded due to the plastic deformation of substrate. 
A sticking-tearing test was also carried out ac-
cording to ASTM D33 59-78: A net of scars,  
1 mm×1 mm in size for each square and arrayed 
in 10×10, were cut on the tested surface by a 
sharp knife. Then an adhesive tape was stuck on 
the specimen surface. After one minute, tore off 
the tape. And then the operation was repeated one 
more time before checking the coated films. The 
result was that no specimen with TiN /CrN coat-
ing was obviously damaged in terms of surface 
quality. However the test results of TiN and CrN 
mono-layer films showed that 5%~10% squares 
were peeled off. 
 
 
Fig. 4   SEM section morphology of TiN /CrN coating on 
AZ91 specimen 
Table 3  Specifications of friction test 
Items Settings 
Counter rubbing pole Ø3mm ball made of AISI 52 100 
Wearing time/min 10 
Load/N 1 
Rotating speed/(r·min-1) 1 000 
Rotating radius/mm 7 
Fig.2   XRD pattern of AZ91 with TiN /CrN coating 
Fig.3   GDS curves of AZ91 with TiN /CrN coating 
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2.4  Specific wear rate 
Under robbing circumstance, the specific wear 
rate of specimen can be calculated as below [16] 
           sPVK ⋅= w                  (1) 
where K is specific wear rate, mm3/N·m; Vw is worn 
volume, mm3; P is load, N; s is sliding distance, m. 
For test of ball on disc robbing, worn volume can 
be calculated out according to some dimensions of 
worn track (see Fig.6) 
        yxxV h d)(π
0
2
1
2
2w ∫ −=              (2) 
The result is 
         wwhhrV 3)43(π 22w +=          (3)  
where r is rotating radius, mm; h is depth of worn track, 
mm; w is width of worn track, mm. 
 
 
 
 
 
 
 
 
 
The calculated specific wear rate of specimen 
with 2 µm TiN /CrN coating is 0.026×10-3 mm3/(N·m). 
Under the same test conditions, the specific wear 
rates of specimens with coatings of TiN, CrN, TiN 
/CrN as well as bare AZ91 are diagrammed in Fig.7. In 
terms of wear resistance, the advantage of TiN /CrN 
multi-layer coating is obvious. 
 
 
 
 
 
 
 
 
 
 
 
 
 
The better performance of TiN /CrN 
multi-layer coating is attributed to its higher mi-
cro-hardness than that of mono-layer films[15]. As 
a result of Hall- Petch’s effect, hardness increases 
with the decreasing of grain size. 
2.5  Friction coefficient 
Fig.8 shows the friction coefficients as func-
tion of time for AZ91 coated with TiN /CrN 
multi-layer and polished bare AZ91. Under the 
condition of dry sliding, the friction coefficient of 
TiN/CrN coating is about 0.6; whereas that of 
polished AZ91 is lower than 0.3. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
The higher friction coefficient may be at-
tributed to the worsening of surface roughness 
that Ra reaches as high as 0.31 µm. In fact, the 
wear is so less that the coarse feature of surface is 
yet remained until the experiment finished. To 
improve the sliding behavior, more works need to 
be done. A post polish or lubrication may be 
needed. 
Fig.6  Dimensions of worn track Fig.8  Friction coefficients as a function of test time
Fig.5  Morphology of scribed scar Fig.7   Comparison of specific wear rates with 
different surface tates 
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3  Conclusions 
(1) Using arc-glow discharge plasma depositing 
process, a TiN /CrN multi-layer coating of 2 µm thick 
can be coated on the surface of magnesium alloy AZ91. 
The coating is composed of 12 sub-layers with TiN and 
CrN deposited alternately. 
(2) There is a penetrating layer of Ti and Cr 
which contributes to a robust adhesion between the 
coated TiN /CrN film and the matrix. 
(3) TiN /CrN coating effectively improves the 
wear resistance of magnesium alloy AZ91. 
 (4) For magnesium alloy AZ91, TiN /CrN coat-
ing increases friction coefficient due to roughness. A 
post polishing or lubrication is necessary. 
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